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changes the function of key proteins in brain serotonin 
metabolism during development
Jorge Hernández-Rodríguez1,2, Graciela Chagoya-Guzmán2†, José A. Mondragón-Herrera3,  
Alfonso Boyzo-Montes de Oca2, Rosalío Mercado-Camargo4, and Gabriel Manjarrez-Gutiérrez3,5*
1Centro de Comunicación Prenatal Querétaro, Querétaro; 2Laboratorio de Neurontogenia Experimental, Centro de Investigación y de Estudios 
Avanzados (CINVESTAV), Instituto Politécnico Nacional, Mexico City; 3Unidad de Investigación Biomolecular de Cardiología, Hospital de Cardiología, 
Centro Médico Nacional Siglo XXI, Instituto Mexicano del Seguro Social (IMSS), Mexico City; 4Facultad de Químico Farmacobiología, Universidad 
Michoacana de San Nicolás de Hidalgo, Michoacán; 5Unidad de Investigación en Enfermedades Neurológicas, Hospital de Especialidades, Centro 
Médico Nacional Siglo XXI, IMSS, Mexico City. Mexico

Boletín Médico del  
Hospital Infantil de México

REVIEW ARTICLE

Abstract

This review aimed to describe and comment on how experimental intrauterine nutritional stress in animals produced some 
changes in tryptophan-5-hydroxylases (TPH) 1 and 2 in the brain and other key proteins such as plasma albumin, and how 
the intrauterine nutritional stress could produce long-lasting alterations in serotonin function in the brain of human infants.
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Cómo la restricción del crecimiento intrauterino debida al estrés nutricional cambia la 
función de proteínas clave en el metabolismo de la serotonina cerebral durante el desarrollo

Resumen

El objetivo de esta revisión es describir y comentar cómo el estrés nutricional intrauterino experimental en animales produ-
jo algunos cambios en las triptófano-5-hidroxilasas 1 y 2 en el cerebro y en otras proteínas clave, como la albúmina plas-
mática, y de qué manera el estrés nutricional intrauterino podría producir alteraciones duraderas en la función de la seroto-
nina en el cerebro de lactantes.

Palabras clave: Restricción del crecimiento intrauterino. Desnutrición. Neuronas serotoninérgicas. Triptófano-5-hidroxilasas. 
Albúmina plasmática.

Introduction

The present work reviews the results from a long-last-

ing research project on prenatal undernutrition 

and brain development. For a long time, biomedical 

researchers have been interested in early developmen-
tal negative influences on the brain of mammals, par-
ticularly humans, due to secondary prenatal stress or 
restricted nutrition, acting together or separately to 
influence different brain processes during the early 

Correspondence: 
*Gabriel Manjarrez-Gutiérrez  

E-mail: gmanjarrezg@gmail.com;  

willisga@prodigy.net.mx

Available online: 16-12-2021  

Bol Med Hosp Infant Mex. 2021;78(6):571-583 

www.bmhim.com

1665-1146/© 2021 Hospital Infantil de México Federico Gómez. Published by Permanyer. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Date of reception: 21-10-2020

Date of acceptance: 11-02-2021

DOI: 10.24875/BMHIM.20000334

http://crossmark.crossref.org/dialog/?doi=10.24875/BMHIM.20000334&domain=pdf
mailto:gmanjarrezg%40gmail.com?subject=
mailto:willisga%40prodigy.net.mx?subject=
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.24875/BMHIM.20000334


572

Bol Med Hosp Infant Mex. 2021;78(6)

development1. In addition, the effect of protein-calorie 
undernutrition has been thought to profoundly affect 
human brain development2,3, given its general appear-
ance worldwide, particularly in regions that continue to 
confirm the “Malthusian Principle of Population Growth,” 
related to food production inequality4.

Early malnutrition affects some general functions of 
the human brain, but these observations have always 
been challenging to interpret, particularly regarding the 
basic mechanisms underlying these effects5, such as 
protein content, number of brain cells, and lipid metab-
olism. Also, other general unspecific biochemical 
parameters have been studied, for example, specific 
brain functions5-11.

More recently, Morgane et al.12 reported functional 
alterations of the hippocampus in early protein-deficient 
undernourished rats, related explicitly to stressful early 
conditions. Barros et al. (2006)13 reported a decrease 
in dendritic development in early-life stressed rats13. 

Interestingly, Monk et al. (2013)1 reported a decrease 
in DNA, RNA, and mRNA coding for neural and glial 
structural proteins after maternal prenatal distress in 
animal models, decreasing neurotransmitter peptides, 
independently from the nutritional condition1.

Serotonin and its function in the brain

During intrauterine life, increased serotonin produc-
tion in the fetal brain due to nutritional stress or after 
the gene knock-out (KO) of the enzyme in charge of 
serotonin inactivation (MAOA) produces structural 
changes and delayed development in the somatosen-
sory cortex S114-17.

Serotonin (5-HT, 5-hydroxytryptamine) is an amine 
produced by a group of brainstem neurons. Axons from 
these neurons innervate various important areas of the 
central nervous system (CNS)18-22. 5-HT has been 
implicated in regulating brain development before it 
assumes its role as a neurotransmitter and neuromod-
ulator in the mature brain23-29. During the fetal period, 
5-HT is involved in neuronal growth and differentiation 
processes, axogenesis25,27,28, maturation of target neu-
rons26, the final expression of specific 5-HT recep-
tors30, and modulation of its synthesis31. As a 
neurotransmitter, 5-HT controls numerous physiologic 
functions (food intake, temporal control, sleep patterns, 
nociception)32-36; also, in some psychiatric disorders 
such as anxiety and depression37 in the adult brain. 
Serotonin functions in the brain are mediated by acti-
vating at least 15 different types of receptors that 

belong to the G protein-coupled superfamily (except for 
the 5-HT3 subtype)23,31,38,39.

One relevant fact is that 5-HT is synthesized from an 
essential nutrient, L-tryptophan (L-Trp), its metabolic 
precursor. There are two known fractions of plasma 
L-Trp, one bound to albumin and one free (FFT, free 
fraction of L-Trp)40. FFT crosses the blood-brain barrier 
(BBB) to the brain41,42, where it is hydroxylated by the 
action of the tryptophan-5-hydroxylase (TPH), decar-
boxylated, and transformed into 5-HT43.

Nutritional stress and intrauterine growth 
restriction

As our group has long pointed out, pre-, peri-, and 
postnatal undernourishment also cause alterations in 
specific brain systems during the prenatal to postnatal 
developmental periods, which is the case of the sero-
tonin neurotransmission system. These alterations acti-
vate the brain’s serotonergic biosynthetic system and 
metabolic processes, with an elevation of the FFT, 5HT 
metabolic precursor.

Furthermore, it has been demonstrated that plasma 
albumin changes its ability to bind L-Trp44-52. FFT 
crosses from plasma to the brain through the BBB and 
is taken up by brainstem serotonergic neurons to acti-
vate serotonin synthesis41,43,46,49,51,53,54. FFT signifi-
cantly increases in the plasma and the brain of rats with 
intrauterine growth restriction (IUGR), reaching levels 
higher than those of normal controls, showing that the 
activity of TPH, the limiting enzyme system in the 
brain’s serotonin biosynthetic pathway55-58, is upregu-
lated in IUGR brains exhibiting significant changes in 
its kinetics: increased affinity (lower Km) for its sub-
strate, no changes in the Vmax, and increased activity 
under phosphorylation conditions. These changes were 
considered responsible for the chronically increased 
serotonin synthesis in the brain of IUGR animals sec-
ondary to undernourishment59,60.

Two TPH isoforms have been described, TPH1 and 
TPH261. According to the authors who described these 
TPH isoforms, TPH1 is localized only in peripheral tis-
sues, while TPH2 is present, supposedly only in the 
CNS62-66. Thus, alterations produced by IUGR induce 
an activation of the brain’s serotonergic biosynthetic 
system and its metabolic correlates, with an elevation 
of the FFT and the plasma albumin’s ability to bind 
L-Trp52. These findings suggest that chronic elevation 
of 5-HT synthesis in the brain of IUGR rats might be 
due to a significantly higher amount of TPH1 isoform 
above that of TPH2. This relation is possibly due to 
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changes in the molecular regulatory mechanisms of 
enzyme expression and regulation of its activity, sec-
ondary to early nutritional stress during fetal life, with 
possible mediation of the Pet-1 regulatory molecular 
system67-69.

In contrast, when the undernourished offspring were 
subjected to a nutritional recovery (NR) regimen during 
the neonatal period, a satisfactory recovery was demon-
strated in their growth curves and FFT and other plasma 
biochemical markers, which returned to control val-
ues70-74. Despite this impressive recovery, the whole TPH 
activity and TPH1 protein levels remained significantly 
elevated in the animal brainstems, while a significant 
increase in brain 5-HT levels and its functional activity 
also prevailed up to adulthood in IUGR rats70-74.

As an attempt to integrate our knowledge about the 
consequences of IUGR on the brain’s neurochemistry 
and functions in rats, this review considered all pub-
lished results, as well as the results of previous studies 
in human infants related to the capacity of another 
essential protein, plasma albumin, to bind to the pre-
cursor amino acid L-Trp, which appears to be a critical 
regulatory system of the brain’s serotonin synthesis. In 
this manner, we attempted to provide more information 
on the neurometabolic mechanism implicated in the 
persistently increased synthesis of 5-HT in the brain of 
IUGR subjects.

Experimental models of intrauterine 
growth restriction

The methods considered in this review were taken 
from published studies44,45,48-50. However, it is worth 
mentioning that an experimental model of gestational 
protein-calorie deprivation and early ligation of one 
branch of the uterine artery in rats was used in an 
attempt to reproduce conditions of protein-calorie mal-
nutrition and placental insufficiency present in humans. 
These two experimental procedures would mimic the 
clinical conditions in pregnant women giving birth to 
IUGR products. These two methods are complementary 
in their effects: one involves nutritional and endocrine 
maternal imbalance, while the other would exclude these 
variables44,45. In a previous study, we evaluated the trac-
ing of thalamocortical fibers in the offspring of IUGR rats 
and controls on postnatal days 1, 3, and 5. We also 
evaluated the immunostaining pattern of the serotonin 
transporter (SERT) and the serotonin receptor 5-HT1B 
with the specific antibody for each molecule17,75.

All experimental procedures performed on animals 
followed the Care and Use of Experimental Animals 

guidelines published by the Mexican Ministry of Health 
(NOM-062-ZOO-1999; August 22, 2001). Additionally, 
the Research Ethics Committee of the National 
Scientific Research Committee of the Mexican Institute 
of Social Security (IMSS, for its Spanish acronym), 
Mexico City, Mexico, authorized all human and animal 
research protocols (registry numbers: 2005-785-078; 
2006-3604-07; 2006-2605-08; 2007-3604-12; 
2014-785-052).

Intrauterine growth restriction in 
newborns

All procedures in infant patients, diagnoses, and clin-
ical care were closely followed by experienced special-
ists76-78. The general conditions of how this review was 
organized for the various studies conducted in human 
infants can be wholly reviewed in Hernandez et al.45,52 
and Manjarrez et al.46,47,49,51.

For the human segment of the whole project, we 
include a representative summary of the procedure 
followed in a case-cohort study in 37 newborns during 
the first 3 months of postnatal life. At birth, two groups 
were formed; the first group (IUGR group) included 20 
term newborns with the antecedent of IUGR, with body-
weight < 10th percentile of intrauterine growth curves79 
and with a fetal growth ratio (FGR) of < 0.9080. The 
control group comprised 17 newborns with bodyweight 
between the 10th and the 90th percentiles and an FGR 
of > 0.90. Interestingly, at 30 days of age, nine infants 
of the IUGR group demonstrated a return to normal 
physical growth; subsequently, these infants formed the 
nutritionally recovered group (NR group) (Table  1). 
Free, bound, and total L-Trp were measured in blood 
micro-samples. These samples were freed of fatty 
acids and tested under “mole-to-mole” conditions of the 
sample components of the IUGR, NR, and control 
groups to assess the binding kinetics of L-Trp to 
albumin.

Serotonergic activity in the brain

In animal models, the variables analyzed generally 
used included the following in each one of the experi-
mental groups: serotonergic activity, L-Trp, TPH whole 
activity, and 5-HT concentration expressed as mean 
and standard deviations (SD). Also, the number of 
TPH1 or TPH2-immunopositive neurons in each age 
group was determined in six 4 μm-thick sections, in an 
area of 83 μm2 with a 40X objective (Infinity 1-Lumenera 
camera equipped with a 10X objective, aided with an 



574

Bol Med Hosp Infant Mex. 2021;78(6)

Table 1. Representative clinical data of infants of the various groups

Controls Intrauterine growth restriction Nutritionally recovered

Gestational age (weeks)
Ponderal index
Fetal growth ratio

39.5 ± 0.7
2.38 ± 0.26
98 ± 0.09

39.1 ± 1.20
2.10 ± 0.29€

68 ± 0.05€

–
–
–

Body weight (g)
1 day
30 days
90 days

3,165 ± 326.9
4,093 ± 322.3
5,703 ± 438.2

2,125 ± 234.5€

3,316 ± 332.3€

4,671 ± 387.1¥

–
3,839 ± 193.9€

5,571 ± 333.9€

Body length (cm)
1 day
30 days
90 days

51.06 ± 1.0
56.33 ± 2.9
62.60 ± 2.4

46.63 ± 1.6€

51.06 ± 1.5€

58.38 ± 1.0€

–
54.00 ± 2.9€

61.86 ± 2.1€

Body mass index
1 day
30 days
90 days

12.15 ± 1.13
14.23 ± 1.23
15.36 ± 1.02

9.90 ± 1.10 €

12.46 ± 0.84 €

12.74 ± 1.30 ¥

‑
13.89 ± 1.02 ¥

15.28 ± 1.28 ¥

Data are expressed as mean values ± standard deviation of 17 controls, 20 intrauterine growth restriction, and nine nutritionally recovered infants.
Body weight (Treatment: SS = 11340, Df = 7, MS = 1610. Residual SS = 7320, Df = 76, MS = 96320). Body length (Treatment: SS = 2226, Df = 7, MS = 317.9.  
Residual SS = 286.7, Df = 70, MS = 4.096). Body mass index (Treatment: SS = 292.5, Df = 7, MS = 4178. Residual SS = 101.6, Df = 79, MS = 1.286). Differences were 
determined by Mann‑Whitney U, ANOVA and Tukey’s multiple comparison tests.
¥p < 0.01, €p < 0.00152.
SS, the sum of squares; MS, mean square; Df, degrees of freedom.

Olympus microscope). The relative densities of the 
bands observed in the dorsal raphe nucleus (DRN) 
(ages 1, 15, and 21 days) were determined. Afterward, 
the groups were compared by two-way ANOVA (nurs-
ing time 1, 15, and 21  days, and maternal nutritional 
status in control and undernourished groups), and post 
hoc analyses using the Tukey comparison test were 
conducted; p-values < 0.05 were considered statisti-
cally significant.

In general, these findings confirmed previous results, 
showing that malnourished offspring showed higher 
L-Trp concentration, 5-HT content, and TPH whole 
activity in the brainstem. In contrast, L-Trp concentra-
tion in the brain returned to normal values in the NR 

groups. Regardless of their physical and biochemical 
recovery, TPH whole activity remained significantly ele-
vated, accompanied by an increased synthesis of 5-HT 
up to the end of lactation and even during adulthood 
(Table 2).

The identification of TPH1 and TPH2 in the brainstem 
from the different groups was obtained by Western Blot 
(Figure 1A and 1B). The expression of TPH1 remained 
increased in the IUGR group from birth, and TPH2 
expression predominated and subsequently showed a 
significant decrease during the lactation period in con-
trols. Interestingly, TPH1 expression remained 
increased, while TPH2 returned to normal values in the 
NR group.

Table 2. Representative serotoninergic activity in the brainstem of rat pups of various groups

Age
(days)

L‑Trp
(µMol/g wet tissue)

TPH (whole activity)
(nmol 5‑HTP/mg protein/h)

5‑HT
(nmol/g wet tissue)

C IUGR NR C IUGR NR C IUGR NR

1 45.50 ± 0.50 58.70 ± 0.68* 57.70 ± 0.68* 0.217 ± 0.010 0.310 ± 0.030* 0.308 ± 0.030* 0.720 ± 0.070 1.185 ± 0.019* 1.067 ± 0.010*

15 12.70 ± 0.28 21.30 ± 0.21* 13.60 ± 0.10 0.337 ± 0.050 0.510 ± 0.030* 0.512 ± 0.030* 1.670 ± 0.050 2.370 ± 0.031* 2.400 ± 0.010*

21 12.70 ± 0.28 22.30 ± 0.20* 11.60 ± 0.20 0.376 ± 0.030 0.500 ± 0.010* 0.517 ± 0.010* 1.840 ± 0.040 2.750 ± 0.070* 2.180 ± 0.060*

Each point corresponds to mean values ± standard deviation of six experiments in duplicate.
Differences were determined by two‑way ANOVA and post‑hoc analysis conducted using the Tukey test.
*p < 0.05 (C vs IUGR; IUGR vs NR; C vs NR). Days = Days after birth70,74,87

C, controls; IUGR, in‑utero undernourished; NR, nutritionally recovered; L‑Trp, L‑tryptophan; TPH, tryptophan‑5‑hydroxylase whole activity; 5‑HT, 5‑hydroxytryptamine.
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A population of 5-HT neurons from the DRN was 
immunolabeled for TPH1 and another for TPH2 
(Figure 2 and 3). Interestingly, the IUGR group showed 
fewer 5-HT immune-positive neurons (TPH1 and TPH2) 
than controls during the nursing period. It is essential 
to highlight that pups of the NR group exhibited a return 
from a decreased neuronal population to control values 
(Figure 4). Some morphological differences in the sero-
toninergic neurons between controls and the IUGR 
group, including the NR group, were having small neu-
rons with little cytoplasm, small nuclei, and more space 
between them. In addition, immunolabeled serotonin-
ergic neurons that express TPH1 increased in the IUGR 
and NR groups. Interestingly, the opposite was noted 
in neurons that expressed TPH2, in which the immuno-
labeling was lower than controls.

The study in human infants confirmed that IUGR 
newborns exhibited a delay in physical growth. 
Remarkably, when they were fed only with maternal 
milk from birth, they demonstrated an appropriate 
recovering that allowed them to reach the growth rate 
of controls during the nursing period52. Also, IUGR 
infants showed significantly lower plasma albumin lev-
els at birth, restored after 30  days of nutritional 

recovery. Furthermore, the FFT was significantly ele-
vated in IUGR 3-month-old infants but returned to nor-
mal values on day 30 of postnatal life in the NR group. 
Another remarkable finding was that IUGR infants 
showed the following kinetic constants of albumin-L-Trp 
binding: high KD and low Bmax, both remaining 
unchanged up to postnatal day 90, even after NR52.

Discussion

We reviewed data derived from a long-lasting project 
confirming that undernourishment-related IUGR induces 
essential changes in the brain’s serotonergic-metabolic 
pathway during early development and that this path-
way is overactivated with a concomitant increase in 
5-HT levels and functions.

In the related literature, data describes the impor-
tance of early alterations on the brain’s serotonergic 
system in laboratory animals. Haydon et al. (1984)25,81 
reported a strong effect on in-situ alterations induced 
by 5-HT excess. These 5-HT levels altered the axonal 
growth cone in cultured neurons, significantly inhibiting 
their growth, hence altering their developmental pat-
tern. Also, early inhibition of the activity of the limiting 

Figure  1. Identification of tryptophan-5-hydroxylases 1 and 2 (TPH1 and TPH2) in the brainstem of the offspring by 
electro-transference with specific antibodies to each isoform. A. Three bands were observed, one of 51 kDa (TPH1), 
another of 56 kDa (TPH2), and another of 37 kDa (GAPDH). B. Relative optical density (ROD) of each isoform; □: TPH1 
y ■: TPH2.
Each bar corresponds to mean values of ROD ± standard deviation of six experiments in duplicate of each isoform.  
*p < 0.05. (C vs IUGR; IUGR vs NR; C vs NR).
A two-way ANOVA and post-hoc Tukey test analysis were conducted.
C, controls; Days, days after birth87; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IUGR, intrauterine growth 
restriction; NR, nutritionally recovered.

A

B
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Figure  2. Coronal sections at the level of the DRN show immunoreactive neurons to tryptophan-5-hydroxylase 1. 
Sections were incubated with enzyme-linked monoclonal antibodies (1:1000), and immunoreactivity was detected with 
peroxidase-conjugated secondary antibodies and revealed with 3,3-diaminobenzidine on days 1, 15, and 21 after birth87. 
Scale bar in each panel = 100 X, 4 µm.
Arrowhead = small neurons with little cytoplasm and small nuclei. Arrow = more space between neurons.
C, controls; DRN, dorsal raphe nucleus; IUGR, intrauterine growth restriction; NC, negative control; NR, nutritionally 
recovered.

enzymes by PCPA (P-chlorophenyl alanine) altered the 
maturation pattern of neurons innervated by 5-HT in 
different brain regions82. Fillion et al. observed that the 
early chemical lesion of serotonergic neurons by the 
intraventricular administration of 5,7-dihydroxytrypt-
amine at birth increased the final number of 5-HT bind-
ing sites in rats developing brain30. Also, we observed 
that extra doses of L-Trp to gestational rats increased 
TPH whole activity, not only in the mother’s brain but 
also in the fetal brain and serotonin synthesis83. Other 
authors have also reported a harmful effect of increas-
ing serotonin levels in the brain during postnatal devel-
opment84. Concerning prenatal brain differentiation, 
essential participation of 5-HT has been well known for 
some time in several aspects of this function26. For 
instance, we observed essential functions of 5-HT in 
the axonal growth cone particles (AGCP) isolated from 
rat fetal brain of 17 days of gestation27. These organ-
elles are mainly responsible for axogenesis and synap-
togenesis, among other functions. 5-HT produces 

serotonin uptake in a Na+-dependent manner, which is 
subsequently released in a K+ and Ca++-dependent-
manner in the AGCP27,28, supporting the functional role 
of serotonin in brain neurodifferentiation.

Based on the experimental data published by our 
group, it is possible to state that fetal neurons have all 
the necessary elements to produce and use serotonin 
as follows: a) a regulatory plasma mechanism to obtain 
the precursor amino acid through FFT kinetic binding 
to plasma albumin, therefore regulating the amino-acid 
precursor availability52; b) a complete set of molecules 
to synthesize the neurotransmitter to take it up and 
release it physiologically; c) a set of specific high-affin-
ity receptors, also identified in axonal growth cones85; 
and d) a molecular signaling cascade that transduces 
the 5-HT message to the target cells86. All these data 
illustrate how 5-HT works within the fetal brain 
(Figure 5).

Unexpectedly, the elevated enzymatic activity in 
IUGR brains appeared to be mainly mediated through 
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Figure 4. Tryptophan-5-hydroxylase-immunoreactive neurons in the DRN of the offspring. Each bar corresponds to the 
mean ± standard deviation of six pups of the groups. □TPH 1 and ■TPH 2.
*p < 0.05. (C vs IUGR; IUGR vs NR; C vs NR).
A two-way ANOVA and post-hoc Tukey test analysis were conducted.
C, controls; Days, days after birth87; DRN, dorsal raphe nucleus; IUGR, intrauterine growth restriction; NR, nutritionally 
recovered.

Figure  3. Coronal sections at the level of the DRN show immunoreactive neurons to tryptophan-5-hydroxylase 2. 
Sections were incubated with enzyme-linked monoclonal antibodies (1:1000), and immunoreactivity was detected with 
peroxidase-conjugated secondary antibodies and revealed with 3,3-diaminobenzidine on days 1, 15, and 21 after birth. 
Scale bar in each panel = 100 X, 4 µm.
Arrowhead = small neurons with little cytoplasm and small nuclei. Arrow = more space between neurons87.
C, controls; DRN, dorsal raphe nucleus; IUGR: intrauterine growth restriction; NC, negative control; NR, nutritionally 
recovered.
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Figure 5. Proposed model of the physiological role of 5-HT in the fetal brain. Serotoninergic neuroblasts (left) synthesize 
and release 5-HT in a K+ and Ca2+ dependent way. Target neuroblasts (upper right) or glioblasts (lower right) would 
have 5-HT recognizing sites of a specific receptor that receive a differentiation signal whose sequence is unknown (?). 
5-HT could be inactivated by a reuptake system dependent on Na+ and fluoxetine.
DS, differentiation signal; 5-HT, 5-hydroxytryptamine65.

the activity of TPH1, which was significantly elevated. 
TPH2 was also present, but its identification by western 
blot was less evident than TPH1, although still higher 
than controls, as confirmed later87. Therefore, it appears 
that TPH1 activity in this area of the brain may play an 
essential role in the overactivation of the brain-sero-
tonin pathway in both IUGR and normal brainstems, 
which could significantly alter the brain’s morphoge-
netic processes, previously referred to in IUGR-
malnourished rats44,45,50,59,60. By Western-blot analysis, 
both TPH isoforms (1 and 2) were expressed in sero-
tonergic neurons in IUGR rats from birth61. In this con-
text, it is important to mention that the intensity of the 
immunolabeling was significantly higher in neurons 
labeled with the specific anti-TPH1 monoclonal anti-
body. Interestingly, TPH2 neurons demonstrated a 
decreased immunopositive intensity at the end of the 
nursing period compared to the one exhibited by the 
TPH1 isoform61.

According to the literature, TPH1 expression in the 
brainstem of IUGR infants or normal eutrophic controls 
would not be expected because TPH2 predominates in 
the brain. Thus, the presence and activity of the TPH1-
isoform in the brain of IUGR and controls require an 
acceptable explanation. This observation may be due 
to changes in the TPH regulatory expression exerted 
by the Pet-1 genetic regulatory system67-69. Alternatively, 
this metabolic modification consisting of the expression 
of TPH1 activity in the brain—higher than that of TPH2, 
which was supposed to be the only one active in the 
brain—could be secondary to hormonal changes due 
to the early profound stressful conditions exerted by the 
severe prenatal undernourishment.

Corticoids, other hormones, and nutritional changes 
may produce a de novo synthesis of enzymatic pro-
teins. For example, it was reported that the genetic 
system of glucose-6-phosphate dehydrogenase 
responds to hormonal and dietary manipulations88. 

Thus, the enzymatic changes in the biosynthetic 
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Figure 6. Auditory evoked potentials obtained from Cz reference electrode at a stimulation intensity of 60 dB in human 
controls (__) and infants with IUGR (---). Each recording represents the mean values from 12 and 13 infants in each 
group, respectively.
*p< 0.001. Wilcoxon test, comparing N1/P2 component amplitude of IUGR with controls47. IUGR, intrauterine growth 
restriction

serotonin-brain pathway could also result from intense 
early nutritional stress during the prenatal period and 
subsequent effects on the genetic regulatory system 
at transcriptional and posttranscriptional levels. 
Therefore, it appears that activation of the involved 
gene’s systems could be related to the unexpected 
presence of an enzyme that has been reported to 
function only in peripheral tissues62-66, inducing the 
expression of different enzymatic isoforms that are 
generally not present in the brain, as is the case of 
TPH1 in IUGR subjects. Alternatively, nutritional stress 
could activate a separate isozyme with an antigenicity 
like the one of TPH1. This phenomenon has been 
observed with other metabolic pathways, in which 
their limiting control rate can be reached in a tis-
sue-specific manner by an adaptive regulatory pro-
cess of a system of two genes, each one encoding a 
specific isozyme. Also, mRNA expression may be 
modified under fasting and re-feeding conditions, and 
dietary limitation of any essential amino acid may ini-
tiate a signaling cascade leading to an increase in the 
translation of a “master regulator” activating transcrip-
tion factor, leading to the regulation of the DNA-RNA-
protein pathway88,89. The functional overactivation of 
the serotonergic neuronal system in some brain areas, 
such as the sensory cerebral cortices, increases its 
function during the perinatal and nursing periods. This 
effect lasts up to adulthood in rat brains73,74 and up to 

3 months in the postnatal life of infants who underwent 
IUGR (measured through indirect methods), affecting 
mainly the sensory cortices’ normal responses to spe-
cific stimuli46,47,51,52.

Given that 5-HT has an important morphogenetic func-
tion in the process of neurogenesis15,26,86,90-93 and other 
differentiating events such as synaptogenesis27,28,81, we 
can also propose that disturbances may originate harmful 
effects exerted by IUGR nutritional stress in the prenatal 
serotonin functions. We also observed significant alter-
ations not only in brain serotonin metabolism but also in 
the process of corticogenesis, particularly in thalamocor-
tical connectivity during somatosensory (S1) cortex for-
mation, adding evidence on how changes produced by 
IUGR stress on fetal serotonergic function are reflected 
in morphogenetic processes, with an abnormal morpho-
logic S1 development16,17.

By non-invasive methods, we detected sensory cor-
tex responses directly associated with serotonergic 
regulation in infants: N1/P2 auditory intensity-depen-
dent recordings. These recordings provide information 
on the auditory cortex’s responses to specific stimuli. 
In our experience47 and that of Hegerl et al.94,95, an 
inverse correlation was found between the amplitude 
and intensity of the N1/P2 component of the auditory 
evoked potential response that the cortical serotonergic 
activity could produce on the auditory cortex (A1), rich 
in 5-HT innervation, regulating its responses to specific 
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stimuli. Consequently, we obtained interesting and sig-
nificant information on the sensory cortex function indi-
cators and plasma biochemical indicators of 
brain-serotonin metabolism in IUGR infants. These 
parameters were markedly abnormal in IUGR rats and 
IUGR infants born from mothers diagnosed with pla-
cental insufficiency and, thus, malnourished45-47,49.

When allowed to NR, early undernourished subjects 
showed a good catch-up to normality on their physical 
parameters. However, functional and biochemical 
changes were not recoverable despite NR and remained 
up to adulthood in the rat brain compared to controls70-74 
and up to 3 months in infants52 (Table 1). This obser-
vation suggests the permanence of the alterations 
observed in the auditory cortex responses to specific 
stimuli, dramatically abnormal in infants who underwent 
prenatal stress with IUGR47 (Figure 6).

Another interesting question is why albumin capacity 
to bind L-Trp decreased significantly in IUGR patients’ 
plasma. Plasma albumin from IUGR infants exhibited 
different binding properties than normal controls: a sig-
nificantly higher KD and lower Bmax, indicating a lower 
affinity for the ligand (L-Trp) and a lower number of 
binding sites52,96. This kinetic behavior could explain 
higher FFT levels in the plasma of IUGR malnourished 
individuals, leading to an imbalance between plas-
ma-free L-Trp and other neutral amino acids and the 
L-Trp/neutral amino acid ratio favoring the FFT45,49. In 
turn, high levels of FFT are transported across the 
BBB, activating the 5-HT biosynthetic pathway and, 
thus, reaching higher levels in the brainstem of IUGR 
individuals than controls. Unfortunately, there is no data 
on this binding phenomenon in humans, which possibly 
plays a relevant role in the serotonin metabolic pathway 
in the brain since FFT functions as a precursor for the 
synthesis of this brain neurotransmitter.

Authors who argue against albumin-L-Trp binding 
determinations have claimed that FFT is increased 
because plasma albumin concentration is decreased in 
malnourished individuals. However, in vitro binding 
experiments demonstrated that this is not the case 
because albumin concentration was the same, mole-
to-mole, in plasma derived from eutrophic control 
infants and derived from IUGR subjects and free of fatty 
acids (FFA). Therefore, under these assay conditions, 
differences in L-Trp binding kinetics are not dependent 
on differences in plasma albumin concentration. These 
differences would be present if binding experiments 
were performed directly on whole plasma albumin sam-
ples with no prior FFA. Undoubtedly, if the kinetics of 
albumin binding to L-Trp were measured directly, not 

only would its concentration be variable, but other fac-
tors would probably interfere52. Therefore, our findings 
suggest a possible structural difference in human IUGR 
albumin that allows this protein to change its conforma-
tion97 in response to prenatal malnutrition stress. Thus, 
there is a different kinetic behavior for its binding to 
L-Trp in the plasma of human IUGR infants. In the con-
text of serotonin metabolism in the brain, this phenom-
enon represents an essential peripheral regulatory 
mechanism for synthesizing this brain neurotransmitter, 
acting through the modulation of substrates for neu-
rotransmitter synthesis. To our knowledge, this is the 
first time this has been described in newborns with 
IUGR and normal controls.

These findings support the notion that undernourish-
ment distress during pre-, peri-, or postnatal develop-
ment causes significant growth restriction and a 
possible change in TPH protein and plasma albumin 
structure, based on modifications in their kinetics and 
phosphorylation capacity52,59,60. Moreover, the decrease 
in TPH1-expressing serotonergic neurons coincides 
with a predominant enzyme expression compared with 
controls. A significant decrease of TPH2-immunoreactive 
neurons and a lower concentration of the enzyme sug-
gest that stressful early conditions may induce epigen-
etic influences on the corresponding genes, as 
discussed previously, which shifts TPH expression 
toward TPH1 predominance, through a mechanism 
that, at present, is unclear, particularly concerning the 
presence of isoform 1 in controls.

Based on these results, it can be proposed that pre-
natal nutritional stress may significantly influence the 
brain’s 5-HT biosynthetic pathway through mechanisms 
that may not necessarily be dependent on the genes 
encoding the enzymes but by epigenetic changes 
caused by intense nutritional stress and abnormal neu-
rological changes induced by early undernourish-
ment98-100. These remarkable enzymatic changes could 
be produced by modifications in the Pet-1 molecular 
apparatus, which appear to be essential in regulating 
enzyme expression in the serotonergic biosynthetic 
pathway from very early stages of brain develop-
ment67-69,101. According to some authors, Pet-1 is also 
required to maintain TPH enzymes in the developing 
brain. Thus, significant alteration of the Pet-1-related 
molecular apparatus can be studied to gain further 
insight into the effects of early undernourishment on 
TPH enzymes activity in the developing brain. Another 
exciting possibility that would add information to this 
research project would be to establish the heritability 
of functional changes in tryptophan-5-hydroxylases 
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and plasma albumin52,59,60,61 and their metabolic con-
sequences on brain serotonin biosynthesis, which 
mainly affect the brain sensory function of IUGR infants. 
However, this phenomenon would be related to an epi-
genetic explanation.

In conclusion, our experimental data allowed extrap-
olation to human infants under similar pre-and perinatal 
developmental conditions. On this basis, the proposal 
of a psychopathological alteration of the brain-serotonin 
in these patients was supported, reinforced by the sig-
nificant morphological, neurobiochemical, biochemical, 
and electrophysiological alterations affecting the sero-
tonergic functions of the brain from the prenatal stage. 
These alterations could favor abnormal cognitive devel-
opment or a predisposition to psychiatric abnormalities 
related to brain serotonergic function.

Experimental work continues in our group to obtain 
more information on this exciting and relevant topic.
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